Both in utero exposures to maternal smoking and asthma are associhave been linked to chronic reductions in lung function durated with chronic deficits in lung function. We hypothesized that ing childhood and adolescence (6, 10) . Because asthma and in utero exposure affects lung function in children without asthma lung function are complex, interrelated traits that are both and synergistically affects children with early onset asthma. To inassociated with in utero exposure, the interrelationships bevestigate effects of in utero exposure and age at asthma diagnosis on tween in utero exposure, asthma occurrence, and lung funclung function, we examined longitudinal medical history, tobacco
the form of an abstract (11) .
Low adult lung function has been associated with elevated METHODS morbidity and mortality (1) . The evidence that variation of lung function in the general population influences mortality Children were recruited from public school classrooms in 12 southern suggests that the achievement of maximum attainable lung California communities that were selected on the basis of historical measurements of air quality, demographic similarities, and a cooperafunction may be an important determinant of population tive school district. The design, site selection, subject recruitment, and health. Achievement of maximum attainable lung function assessment of health effects have been previously reported (12, 13) .
at maturity requires normal lung growth and development Briefly, at study entry in 1993, a parent or guardian of each participating during childhood (2-4). A better understanding of the deterchild provided written informed consent and completed a self-adminisminants of lung growth and development may provide useful tered questionnaire on demographics, medical and family health history, insights for lung health promotion and disease prevention indoor air exposures, and household characteristics. In the spring of 1993 efforts.
and in each subsequent year of the ongoing study, each child completed A number of determinants of childhood lung function an update questionnaire, and pulmonary function testing was conducted growth have been identified (5) (6) (7) (8) (9) . Both in utero exposures to at schools. In 1996, a second group of 4th grade students was recruited maternal smoking and asthma, especially early onset asthma, and completed the same baseline and follow-up questionnaires and pulmonary function testing as the group enrolled in 1993. In this report, we examine longitudinal data collected during the first 8 years of the study.
Sociodemographic, Medical History, and Exposure Data
(Received in original form June 26, 2002 ; accepted in final form December 6, 2002) The Children's Health Study questionnaire provided information on Supported by the California Air Resources Board (contract A033-186), the Nasociodemographic factors, history of respiratory illness and its associtional Institute of Environmental Health Sciences (grants 1 P01 ES09581-04 and ated risk factors, exposure to environmental tobacco smoke (ETS), and 5 P30 ES07048-08), the US Environmental Protection Agency (grant R826708-maternal smoking history. Current and past exposure to household 01), the National Heart, Lung, and Blood Institute (grant 1 R01 HL61768-03), ETS and exposure to prenatal maternal smoking were characterized and the Hastings Foundation.
by questionnaire responses about the current and past smoking status Disclaimer: The statements and conclusions in this report are those of the investiof each participant's mother, father, other adult household members, gators and not necessarily those of the California Air Resources Board, the Enviand regular household visitors. Any ETS exposure was defined as having ronmental Protection Agency, or the National Institute of Environmental Health one or two or more smokers in the household. In utero exposure to Sciences. The mention of commercial products, their source, or their use in conmaternal smoking was dichotomized as any exposure and no exposure.
nection with material reported herein is not to be construed as either an actual
To assess the joint effects of lifetime ETS exposure and in utero expoor implied endorsement of such products. dicator for the g asthma group. Because the models were fitted on a log(PF) scale, ␣ g is the difference between the log(PF) curve for the asthma group and the log(PF) curve for the reference group. The term ␤ g reflects whether the parallel difference in the log(PF) curve of the asthma group deviates linearly with age from the log(PF) curve of the with in utero exposure to maternal smoking and early onset reference group. To facilitate interpretation, the effects of asthma asthma (Tables 2 and 3 ). Boys and girls exposed in utero to groups are shown on an arithmetic scale in terms of parallel percent maternal smoking, but without a history of asthma, showed defi- To further investigate the effects of in utero exposure to maternal smoking with and without ETS exposure, we assessed RESULTS lung function levels using mutually exclusive exposure categories (Tables 4 and 5 ). Compared with nonasthmatic children unexParticipant characteristics at study entry are presented in Table 1. posed to ETS and maternal smoking in utero, children with in The 5,933 children ranged in age from 7 to 18 years at the utero exposure alone and early onset asthma showed deficits in beginning of follow-up. At study entry, 8.7% of participants had FEV 1 (Ϫ13.6%; 95% CI, Ϫ18.9 to -8.2%), FEV 1 /FVC (Ϫ9.1%; been diagnosed with asthma at age 5 years or younger and 8.6%
95% CI, Ϫ12.2 to Ϫ5.8%), FEF 25-75 (Ϫ29.7%; 95% CI, Ϫ37.8 to were diagnosed after age 5 years. Almost 19% were exposed Ϫ20.5%), and FEF 25-75 /FVC (Ϫ25.9%; 95% CI, Ϫ34.5 to Ϫ16.2%) in utero to maternal smoking and 32% had any lifetime ETS among boys; and in FEV 1 /FVC (Ϫ9.3%; 95% CI, Ϫ12.9 to Ϫ5.4%), exposure.
We found substantial deficits in lung function among children FEF 25-75 (Ϫ26.6%; 95% CI, Ϫ36.4 to Ϫ15.1%), and FEF 25-75 /FVC (Ϫ29.9%; 95% CI, Ϫ39.5 to Ϫ18.9%) among girls. We found The associations between lung function, early and later onset asthma, and in utero exposure to maternal smoking were essenthat ETS exposure alone was not significantly associated with persistent deficits in lung function in any subgroup after considertially unchanged after adjustment for personal smoking. We found that the deficits in lung function associated with in ing the effects of early and later onset asthma. Among children without asthma, joint exposure to ETS and maternal smoking utero exposure and early onset asthma persisted into adolescence (Tables 6 and 7) . Among girls, the percent deficits in lung funcin utero was associated with significant deficits in flows; however, the joint effect of ETS and in utero exposure was of similar tion associated with in utero exposure and asthma status did not change with age except among unexposed girls with early onset magnitude as for in utero exposure alone and was not significantly different from the effect of in utero exposure alone.
asthma, who showed increasing deficits in FEF 25-75 with age. The magnitude of the percent deficits in FEF 25-75 and the FEV 1 /FVC Among children with asthma, the deficits in FEV 1 in boys and FEF 25-75 /FVC and FEF were smaller in girls with early onset ratio associated with in utero exposure in boys without asthma did not change with age. The percent deficits among unexposed asthma and who were exposed to both in utero and ETS exposures than girls exposed to in utero maternal smoking alone.
boys with early onset asthma increased by 0.2%/year of age for (Tables 8 and  9 ). We found that the effects of in utero exposure to maternal FVC and FEF 25-75 /FVC ratios decreased significantly with increasing age among the boys with early onset asthma who were smoking on FEV 1 and FEF 25-75 increased with age among children without asthma and among those with early onset asthma. Alexposed in utero. For example, the 27.7% deficit in FEF 25-75 among boys decreased by 1.9% between ages 10 and 11 years.
though the percent deficits in lung function decreased significantly as age increased among the boys with early onset asthma This age trend was not observed among girls. To illustrate the For definition of abbreviation, see Table 4 . Models are adjusted for age, log (height), race, community, spirometer, technician, barometric pressure, temperature, respiratory illness, family history of atopy and asthma. Columns headed "% Difference" indicate the percent difference in lung function level.
TABLE 5. INDEPENDENT AND JOINT EFFECT OF IN UTERO EXPOSURE TO MATERNAL SMOKING, ENVIRONMENTAL TOBACCO SMOKE EXPOSURE, AND ASTHMA STATUS ON LUNG FUNCTION AMONG GIRLS PARTICIPATING IN THE CHILDREN'S HEALTH STUDY
* p Ͻ 0.05. † p Ͻ 0.01. who were exposed in utero, the absolute deficit increased with function in newborns and infants of mothers who smoked during pregnancy show that in utero exposure is associated with reduced age. Children exposed in utero who had late onset asthma prelung function in the perinatal period (22, 23, 26, 27, 29) . Studies sented a different pattern than did children with early onset among newborns in eastern Boston, Massachusetts, and Perth, asthma, and the absolute deficits were smaller at age 10 years Australia, which excluded effects of ETS by measuring lung and decreased by age 15 years. function near birth, reported an independent effect of in utero exposure on respiratory mechanics (22, 29) . The perinatal deficits
TABLE 6. AGE TRENDS IN THE EFFECTS OF IN UTERO EXPOSURE TO MATERNAL SMOKING AND ASTHMA STATUS ON LUNG FUNCTION LEVEL AMONG BOYS PARTICIPATING IN THE CHILDREN'S HEALTH STUDY

DISCUSSION
from in utero exposure may be larger in children who subseWe found that early onset asthma and in utero exposure to quently develop asthma. Stick and coworkers reported that newmaternal smoking were associated with large persistent deficits borns with a family history of asthma had larger deficits in lung in measures of airflow and that the deficits were largest among function from in utero exposure compared with newborns withexposed children who developed early onset asthma. Previous out a family history of asthma (29) . Our findings suggest that studies of the relationship between in utero exposure and lung the perinatal deficits in lung function from in utero exposure to function in children have not reported the independent and joint maternal smoking are persistent and increasingly large during associations of early onset asthma and in utero exposure among adolescence, especially among children who were diagnosed with boys and girls (7, 19, 20) . Our findings support the hypothesis asthma at an early age. Martinez and coworkers showed that that in utero exposure and early onset asthma are synergistically prewheezing lung function persisted into later childhood, even associated with persistent deficits in lung function and indicate in those children who stopped wheezing. These data support the that children with early onset asthma may be a high-risk group hypothesis that there is a persistent underlying airflow abnormalfor subsequent adverse respiratory health outcomes during their ity independent of wheezing status (30). The large and increasing life course. We did not observe an independent effect of ETS deficits may be important because in utero exposure to maternal exposure on lung function.
smoking has been associated with higher incidence of asthma, A growing body of evidence supports the plausibility that more severe disease, an earlier onset of the disease, and an inin utero exposure to maternal smoking can produce persistent creased likelihood of using asthma medications (10, 31) . deficits in childhood lung function and that the deficits may be
The biological mechanisms that account for the deficits associated with in utero exposure among children with early onset larger in children with asthma (7, 19, 21-28). Studies of lung asthma have yet to be established. Airway structures are present to increased risk of wheezing illnesses during infancy, asthma, and deficits in lung function growth during childhood. Any direct at birth but continue developing and growing in the postnatal period. Because the effects of in utero exposure appear to be effects of in utero exposure on lung development may be amplified by asthma, which is associated with both in utero exposure independent from the effects of postnatal ETS exposure, the deficits from in utero exposure may reflect damage during critical and chronic deficits in lung function. The effects may also be mediated through the increased occurrence of perinatal respiratory periods of fetal development that permanently alters the structure or function of the lung, such as its elastic recoil properties, problems or infections associated with in utero exposure (33). Mechanistic studies are needed to better understand these physismooth muscle, epithelial organization, neural function, or immune function (7). Studies of rodents exposed to tobacco smoke ologic and anatomic changes that account for our findings. Our study had some limitations that need to be considered during the in utero period show that newborns have increased bronchial reactivity (32) . Increased bronchial reactivity may lead when interpreting the results. Asthma is a complex clinical syn- Boldface numbers in parentheses represent lung function for the reference groups at ages 10 and 15 years, respectively.
drome. In this study, asthma status was assigned on the basis of nancy. We also lacked information about a number of potential confounders such as maternal nutritional status and intake of parental reports of age at physician diagnosis of asthma. Parent reports have been widely used in epidemiologic studies and alcohol or other potentially toxic substances during pregnancy. Our findings may have clinical and public health significance. shown to reflect physician diagnoses; however, the diagnosis of asthma by a physician may depend on access and utilization of
The long-term effects of in utero exposure on the growing lungs of children with early onset asthma are of particular concern. If medical care as well as physician diagnostic practices (34, 35) . We considered factors associated with access and utilization of the growing deficits continue and persist into adulthood, children with early onset asthma may be at increased risk for debilitating medical care such as insurance, education, and income and found no substantial change in the associations between in utero exposymptoms from asthma and chronic obstructive pulmonary disease (2-4, 33, 41). Reducing the long-term effects of tobacco smoke sure, asthma, and lung function. This suggests that differences in access and utilization of medical care are unlikely to account on children with asthma may require the reduction of smoking among women during their childbearing years. Furthermore, for our results. To further investigate the effects of undiagnosed asthma in our study population, we examined the effects of clinicians need to be aware of this high-risk group in treatment decision-making. wheezing in the 12 months before study entry in children without asthma (56 boys and 57 girls). We found that children with
In conclusion, school-aged children with early onset asthma and in utero exposure to maternal smoking show large deficits wheezing but without diagnosed asthma showed no reductions in lung function compared with children without asthma or in lung function, especially airflows that are not explained by postnatal ETS exposure. Because early onset asthma itself is wheeze. In utero exposure was associated with lung function deficits in undiagnosed children with and without wheezing. The associated with substantial chronic deficits in lung function, the additional deficits associated with in utero exposure may produce magnitude of the deficits from in utero exposure were smaller in undiagnosed children with wheezing than in children with a group at high risk for adult chronic respiratory diseases. Further research is needed to clarify the roles of in utero exposure to early onset asthma. Because the number of undiagnosed children with wheezing was small in our population and the effects of in maternal smoking and of asthma phenotypes on lung growth and development. utero exposure were smaller than in children with early onset asthma, bias from undiagnosed asthma cannot explain our results
